A field trial with two Vills vinzfera L. cultivars, viz. Bukettraube (white) and Heroldrebe (red), grafted onto Ramsey, was carried out over a nine-year period on a sandy, duplex soil. The control (N0) received no N, while three other treatments each received 50 kg N/ha in inorganic form. The N was applied either as three equal installments, split between budbreak, fruitset and post-harvest (N1), or as a single application at budbreak (N2), or as a single postharvest application (N3). A fifth treatment (N4) received 50 kg N/ha at budbreak in the form of poultry manure. A winter cover crop (rye) was sown after harvest, chemically controlled before budbreak with a herbicide and left as an organic mulch on the soil surface. This cover crop management system maintained the soil's organic material (SOM) at the original level for all inorganic treatments, while N 4 increased SOM. On average, Bukettraube yielded 11.4 t/ha, in comparison to only 6.0 t/ha for Heroldrebe. Yields of the four fertilised treatments (N 1, N2, N3 and N4) were comparable for each individual cultivar. Relative to N0, fertilisation increased yields by 24% and 48% for Bukettraube and Heroldrebe, respectively. In comparison to the control, all four fertilisation treatments increased shoot mass, with N 2 being significantly higher than N 1 , N3 and N4. The fact that N 2 stimulated shoot growth, without a concomitant increase in yield, indicated that a single application of N at budbreak can cause excessive growth, even on low-potential soil. In the case of Bukettraube, grapes from the N 2 treatment showed the highest incidence of bunch rot during some seasons. Under the cultivation practices followed in this trial, split applications of N (budbreak, fruitset, post-harvest) or a single application during the post-harvest period was compatible with the most desirable pattern of vine growth and fruit development. Application of poultry manure was not associated with any specific advantages or disadvantages. Soil analysis showed that the control vines were fairly well supplied with mineral N at budbreak, but under-supplied at the time of fruitset.
In the coastal regions of South Africa, grapevines are largely grown for the production of high-quality wines, either under dryland conditions, or with one to two irrigations annually. In order to obtain optimum wine quality, an acceptable balance between vegetative and reproductive growth is essential. Since injudicious N fertilisation can disturb this balance, applications should be timed to maximise levels of mineral N in the root zone during periods of peak N demand (Peacock, Christensen & Hirschfeldt, 1991) . The first major peak stretches from a few weeks prior to bloom up to véraison, and the second usually from harvest to leaffall (Conradie, 1980; Williams, 1991) . In practice it is often difficult to synchronise fertiliser applications with these periods of peak demand, especially on sandy soils. If applied too early, spring rains may cause leaching before significant uptake can occur (Löhnertz, 1991; Peacock et al., 1991) . On the other hand, large applications during the early part of the season may lead to dense canopies, resulting in bunch rot (Goldspink & Gordon, 1991) , while fruitfulness of buds may also be decreased in the following year (Hunter & Visser, 1990; Smart et al., 1990) . To overcome these problems, split applications of N can be considered (Brechbuhler & Meyer 1988; Goldspink & Gordon, 1991; Peacock Ct al., 1991) . In practice this means that part of the annual N requirement is applied at fruitset. For irrigated vines the first irrigation should suffice to transport this N into the root zone. However, under South African climatic conditions the efficiency of N applications at fruitset is questionable in vineyards grown under dryland conditions. Fertilisation during the second major period of root growth (post-harvest) maximises the amount of N in storage pools (Conradie, 1980; Conradie, 1986; Conradie, 1992; Peacock, Christensen & Broadbent, 1989) . Up to the time when root growth commences in early spring, aerial growth is heavily dependent on N mobilised from these pools. Positive responses to single applications of N during the post-harvest period have been reported (Conradie, 1986; Peacock et al., 1991; Christensen et al., 1994) , but for some scion/rootstock combinations this approach appeared less effective (Goldspink & Gordon, 1991; Treeby, Holzapfel & Walker, 1995) . Under South African climatic conditions it is of special importance to ascertain whether excess inorganic N, applied during the post-harvest period on sandy soils, can be protected against leaching during the winter months. In Switzerland an actively growing cover crop has proved effective in this regard (Perret, Koblet & Haab, 1989) .
Application of N in the form of an organic source may also be a viable option for reducing leaching of N on sandy soils, due to the fact that N is released slowly from organic material (Kotze, Joubert & Morkel, 1992) . However, in a field trial with grapevines on a more clayey soil, significantly higher yields were obtained by inorganic fertilisation in comparison to an equivalent amount of organic N (Levy & Chaler, 1976) . In a study where poultry manure was applied at rates of 1-2 t/ha, yield was increased for Garganega, but decreased for Cabernet Sauvignon (Bavaresco et al., 1991) . In South Africa the efficiency of an organic N source has not yet been compared with inorganic N sources for grapevines on sandy soils.
In a number of field trials no positive responses to N fertilisation, regarding yield and grape quality, were obtained where the level of N application exceeded 56 kg N/ha (Conradie & Saayman, 1989; Spayd et al., 1993; Christensen et al., 1994) . Furthermore, due to differences between soils, cultivars, cultivation practices and climatic conditions, the magnitude of the response to N fertilisation differed between trials. Levels of soil organic matter (SUM) can have a particularly large effect on the amount of N required by grapevines (Chaler, 1978; MUller, 1986; Conradie & Saayman, 1989; Fox, 1990) . On soil containing 0.84% SUM grapevines utilised only 30% of the N which was applied during the previous season up to bloom in the following season. In contrast, 50% of the applied N was utilised over the same period for a soil containing 0.38% SOM (Conradie, 1986) . The higher utilisation of fertiliser N in the latter case was ascribed to the lower level of inorganic N, emanating from the mineralisation of SUM, resulting in less dilution and a higher utilisation of applied inorganic N. Because the N-supplying capacity of a particular soil is thus directly linked to SUM, the effect of cropping systems on SUM has been investigated in several long-term trials, most of which have been reviewed by Champagnol (1980) . In grapevine soils an equilibrium value for SUM could be ensured where 2-3 t/ha of dry material was returned to the soil annually. From an environmental viewpoint it is important to maintain existing SUM levels, thereby making it unnecessary to increase applications of inorganic N progressively. The maintenance of SUM levels has not yet been investigated in South Africa in vineyards where a winter cover crop is sown.
In view of the above considerations a study was undertaken under typical South African cultivation conditions on a sandy soil with a low organic material content. The first objective was to quantify the effect of single applications of inorganic N (both at budbreak and post-harvest) relative to split applications (budbreak, fruitset and post-harvest). The second objective was to compare the utilisation efficiency of poultry manure, which is locally the most widely used source of organic N, with that of judiciously applied inorganic N.
MATERIALS AND METHUDS

Soil and experimental vineyard
The investigation was carried out in the Stellenbosch district on a duplex soil (ochric planosol) classified as a Kroonstad form (Soil Classification Working Group, 1991) . A leached albic E-horizon was present between 500 mm and 700 mm. The E-horizon was underlaid by an argillic B-horizon. The soil was delve-ploughed to 600 mm before planting. Seven t/ha of agricultural lime and 300 kg/ha of superphosphate (8.3% P) were incorporated during soil preparation. Grapevines were planted during 1979 at a spacing of 2.4 m x 1.0 m, and trained onto a Perold trellis, as described by Zeeman (1981) . Two Vitis vinifera L. cultivars, Bukettraube (white) and Heroldrebe (red), both grafted onto Ramsey, were used.
Experiment design and treatments
A split-plot design was adopted. Individual plots (108 m 2) were separated by at least one border row and by three border vines within rows. Twelve experimental vines per plot were used for measurements. Five treatments were applied (Table 1) , commencing in 1981. Each was replicated three times. These consisted of a control (no N), three inorganic N treatments, each receiving 50 kg N/ha/yr at different application times, and a fifth treatment which received 50 kg N/ha/yr in the form of poultry manure (PM). For the inorganic treatments the required amounts of limestone ammonium nitrate (28% N) were broadcasted over entire plots, while PM was concentrated in 800 mm wide bands on the vine rows. One tonne of the PM contained on average 31 kg N, 18 kg P and 17 kg K. The 1600 kg of PM necessary to supply 50 kg N/ha therefore also supplied 29 kg P/ha and 27 kg K/ha. To compensate for the K. equivalent amounts of potassium chloride were applied every third year to all other treatments. The P status of the soil was regarded as adequate and no compensation was therefore necessary. Agricultural lime (2 t/ha) was applied every third year on the soil surface to maintain the pH (1 M KC1) of the soil at approximately 5.5. Rye was sown annually as a winter cover crop, killed with a herbicide prior to budbreak and flattened to form an organic mulch on the soil surface. During summer the vines received two sprinkler irrigations of about 60 mm each. In order to schedule these irrigations, soil water content was determined gravimetrically once every two weeks during November, December and January. The first irrigation was normally required at fruitset (defined as two weeks after the end of bloom) and the second by middle January (approximately one month before harvest). Vines were spur pruned according to vigour and suckered a few weeks after budbreak. Apart from shoot positioning no further canopy management was done.
Measurements
Soil was sampled 300 mm from the vine rows during spring of the first year and thereafter every two to three years. Samples were analysed for pH (1:2.5 NH4CI), CEC (utilizing I M NH 4CI at the pH of the soil), organic C (The Non-Affiliated Soil Analysis Work Committee, 1990) and total N by means of a Kjeldahl digestion (Bremner & Mulvaney 1982) . During 1989/90 the soil was also sampled after harvest, at budbreak, at bloom and two weeks before harvest for determination of NH4-N and NO3-N, by means of the distillation method described by Keeny & Nelson (1982) . In order to convert NH4-N and NO3 -N concentrations to kg N/ha, bulk densities were determined for the different soil horizons. The water holding capacity of the soil, down to a depth of 600 mm, was determined on undisturbed soil cores employing standard pressure plate equipment. For this purpose profile pits were dug. Root distribution was also recorded in these pits. The amount of dry material, originating from the cover crop, was determined during 1989 on one plot for each of the five treatments. Rainfall was recorded at a weather station situated two kilometers from the experimental vineyard. Shoot mass and grape yield were measured for nine seasons (1981/82 to 1989/90) . Both cultivars were harvested when the sugar concentration of Bukettraube averaged 21 °B.
Statistical analysis
Data was analysed statistically and Student's t LSD values were calculated at the 5% level of probability to facilitate comparison between treatment means.
RESULTS AND DISCUSSION
Annual distribution of rainfall
The long-term rainfall pattern (Table 2) showed that precipitation during April should normally be adequate to transport fertilisers applied during the post-harvest period into the root zone, while no undue leaching losses of N should occur. However, as 60% (418 mm) of the annual precipitation occurred from May to August, leaching was expected during these months. Rainfall of 50 mm, usually in the form of light showers, was normally expected from the fourth week in September to the end of October. This should have been sufficient to wash fertiliser, aimed at optimising N supply at the start of the first period of peak demand, into the soil without causing excessive leaching beyond the root zone. At the time of fruitset (normally first two weeks in December) rainfall was low. Fertilisation at this stage should therefore be accompanied by irrigation.
Soil water status
The clay content of the experimental soil was approximately 7%, down to a depth of 600 mm (Table 3 ). The high coarse sand fraction contributed to a low plant available water-holding capacity of   TABLE 3 Physical analyses of Kroonstad soil used in fertilisation trial 26 mm for the 0-600 mm layer. In spite of only 60 mm of rain during October and November (Table 2) , the water content (data not shown) of the 200-400 mm and 400-600 mm layers was usually higher than 5% and 4%, respectively, up to the end of November, thus exceeding wilting point (Table 3) . This indicated that some of the water in the 750-1000 mm layer (argillic horizon) must have been utilised via capillary rise, despite few roots being present in this layer. Similar indications of upward movement of water into the root zone have been found previously (Saayman & Kleynhans, 1978; Van Zyl & Weber, 1981) .
Regardless of the seemingly low water-holding capacity, the grapevines never showed any visual symptoms of water stress before the end of November. Since soil water was adequately supplied up to the end of November, unimpeded uptake of mineral N should have proceeded at least up to fruitset. The first irrigation was normally applied at the beginning of December (fruitset), at which point soil water content was replenished to field capacity. After this irrigation, the soil dried out fairly rapidly and soil water was around wilting point during the two weeks preceding the second irrigation. Following the second irrigation, the soil again dried to wilting point (approximately 4% soil water) down to rooting depth (600 mm), during the period preceding harvest (normally middle February). This is in agreement with the results of Van Zyl & Weber (1981) , who found that irrigations at fruitset and véraison were insufficient to maintain soil water above wilting point. Mineralisation of SUM and uptake of N will be impeded under dry soil conditions (Haynes, 1986) .
Chemical analyses of soil
Before the trial commenced the pH of the soil (Table 4) was in the optimal range of 5.5 to 6.0 (Conradie, 1983) , while P and K were also adequate for cultivation of grapevines (Conradie & Saayman, 1989) . The dystrophic nature of the soil was confirmed by low Ca and Mg contents and a low cation exchange capacity. The average C content of the 0-600 mm soil layer was 0.27%, which was equivalent to 0.46% SUM. In all cases the SUM content of the 0-200 mm layer was considerably higher than that of the deeper soil layers (200-600 mm). This is in agreement with results obtained elsewhere (Champagnol, 1980) . Soil sampling at the beginning (Table 4 ) and end of the experiment (Table 5 ) was done at slightly different depths and values cannot be compared directly. In the case of P, however, it was clear that a reduction in the nutritional status of the 0-3 00 mm soil layer occurred for the control (N 0) and the three inorganic N treatments (N 1 , N2 and N3). In spite of this reduction the P level was still higher than 25 mg/kg, the value regarded as adequate for soil of this texture (Saayman, 1981) . Urganic fertilisation increased the P level down to a depth of 600 mm, indicating that some of the P must have moved to the subsoil. Similar indications were found on a more clayey soil (Conradie & Saayman, 1989) .
At the end of the investigation period the K content (Table 5 ) of topsoil (0-150 mm) appeared to have been reduced for the control and inorganic treatments in comparison to the situation at the start of the experiment. The K content of topsoil (0-150 mm) from the PM treatment (N4) increased during the investigation. However, in view of the fact that soil samples were taken in the zone where the PM was banded, K content may have been lower towards the middle of the row. Furthermore, sampling was done during spring, shortly after application of PM. The fact that the subsoil (300-600 mm) contained comparable amounts of K for all treatments, indicated that a major share of the K present in the topsoil of N4 , after application of PM, was either utilised by the grapevines during the growing season or was leached from the root zone during winter. However, from budbreak to harvest K supply was probably higher for N4 than for the other treatments.
At the end of the nine-year investigation period SUM in the 0-600 mm layer of No (Table 5 ) was comparable to the situation at the start (Table 4) . For the PM treatment SUM increased 43.4% over the control. As in the case of P and K, this increase may have been confined to the band where the PM was applied. The three inorganic treatments (N 1 , N2 and N3) were intermediate to No and N4, with about 20% more SUM than N 0. In comparison to the control, the cover crop grew more vigorously on the fertilised treatments, resulting in an additional one tonne of dry material/ha. This may have led to higher SUM levels (Liang & Mackenzie, 1992) . A comparable increase of 18% was found after six years of continuous corn cultivation, where the crop residues were returned to the soil (Liang & Mackenzie, 1992) .
In general, an equilibrium value for SUM can be ensured in vineyard soils under long-term cultivation if 2-3 t/ha of dry material is returned to the soil annually (Champagnol, 1980) . Since the soil used in the current investigation had probably been under grapevines for at least 100 years, an equilibrium value for SUM should therefore have been attained. The values in Table 5 indicated that this equilibrium value was certainly maintained over the nine-year trial period, while a trend towards increased SUM levels could not be discounted for the inorganically fertilised treatments. Total N levels did not differ significantly (Table 5) , but tended to be slightly higher in soil from the PM treatment.
Seasonal variations in mineral N contents of the soil
The amount of NH4 -N in soils from the different treatments showed only small variations, never exceeding 20 kg N/ha in the 0-600 mm layer (data not shown). The NO 3-N level of subsoil (300-600 mm) also showed little variation and amounted to approximately 20 kg N/ha throughout the season. Consequently, only values for topsoil (0-300 mm) are shown in Table 6 . Fertilisation at budbreak did not increase NO 3-N for N 1 , while N2 increased less than was expected. This confirmed that the mineral-N level of soil does not always correlate with the quantity of applied fertiliser (Neyroud & Parisod, 1983) . In contrast, application of PM increased soil NO 3-N. At fruitset NO 3-N was lowest for the control treatment. In view of the fact that the subsoil (3 00-600 mm) contained about 20 kg N/ha throughout the year, mineral-N in the root zone at the time of fruitset must have amounted to approximately 65 kg N/ha for all inorganically fertilised treat- 
CEC ( (Conradie, 1980) . Low soil water contents, occurring periodically during December, January and February probably lead to low mineralisation of SOM and low uptake of N (Haynes, 1986) , thus contributing to the under-supply of N. During the same period (fruitset to two weeks before harvest) the NO 3-N level in fertilised soils was reduced by values ranging from 23 kg/ha to 34 kg/ha, indicating satisfactory N supply. As in the case of SOM, the fact that PM was banded and that soil was sampled within this band may have inflated the value for N 4. A slightly lower N-supplying capacity for N 4, in comparison to the inorganically fertilised treatments, was confirmed by leaf analysis (Conradie, 2001 ). Higher soil NO3-N concentrations were obtained for all treatments in the post-harvest period. This was probably due to increased rates of mineralisation, following rain in April (Table 2) . However, the effect of post-harvest fertilisation could still be detected for N 1 and N3. For the latter treatment the increase of 86 kg/ha was actually more than the amount of N (50 kg/ha) applied. At the postharvest stage mineral-N concentration was comparable for N o and N4, indicating that PM had little, if any, slow-release capabilities over this period.
Grape yield and shoot mass
During the first two seasons of the investigation (1981/82 and 1982/83) no differences in yield or shoot growth were detected (data not shown). From the third season onwards fairly consistent trends emerged and only mean values for the last seven seasons are shown in Table 7 . For Bukettraube, shoot mass was lowest for No and highest for N2, while no differences occurred between N 1 , N3 and N4. The fact that a single application of N at budbreak (N 2) can stimulate vegetative growth, is consistent with other results (Goldspink & Gordon, 1991) . Under the conditions of this trial, leaching of N due to spring rain (Peacock et al., 1991) could not have been a major factor and N applied at budbreak was apparently freely available. Heroldrebe grew less vigorously than Bukettraube, with shoot mass being about 50% lower. As in the case of Bukettraube, shoot mass was lowest for N o and highest for N2, with intermediate values for N 3 and N4. In contrast to Bukettraube, shoot mass was relatively low for split applications (N 1), suggesting that N applications at fruitset do not stimulate shoot growth for low-vigour cultivars. Similar indications of a less dense canopy where N is applied between fruitset and vérai-son, in comparison to applications at budbreak, have been reported previously (Goldspink & Gordon, 1991) . For Bukettraube the control (N 0) yielded less than N3 and N4. Yields of N 1 and N2 did not differ significantly (p < 0.05) from that of the control, but yields of the four fertilised treatments could be regarded as identical for all practical purposes. Mean yield of the fertilised treatments (2.74 kg/vine), equivalent to 11.4 t/ha, was 24% higher than that of the control (9.2 t/ha). Yield of Heroldrebe was about 50% lower than that of Bukettraube, but showed the same trends for fertilised treatments. Mean yield (1.44 kg/vine) of the four fertilised treatments, equivalent to 6.01 t/ha, was 48% higher than that of the control (4.04 t/ha). The N fertilisation effect was thus more pronounced than for Bukettraube. Yields were comparable to the South African average for white (8-10 t/ha) and red (5-6 t/ha) cultivars, grown for the production of high-quality wines in the coastal regions (Anonymous, 2000) .
The ratio between yield and shoot mass (Y:SM), for Bukettraube amounted to 5.0 for N o and N4. This agrees with the value of 4.9, obtained for adequately fertilised Chenin blanc/Ramsey in the Stellenbosch district (Zeeman & Archer, 1981) , indicating that the vines from both treatments maintained a balanced growth pattern, despite a 24% difference in yield. A slightly lower Y:SM ratio (4.5) for N 1 and N3 suggested a marginal increase in vigour, while a much lower value (3.6) for Y:SM confirmed excessive vigour in the case of N 2. Even though positive yield responses due to fertilisation are always accompanied with increased shoot growth (Champagnol, 1978) , it is accepted that increased vegetative growth does not necessarily induce higher yields. Increased vegetative growth may even reduce yields due to excessive shading of fruiting zones, resulting in decreased fruitfulness of buds in the following year (Champagnol, 1978; Hunter & Visser, 1990; Smart et al., 1990) . The fact that N2 did not increase the yield of Bukettraube relative to No was probably attributable to these factors. Since Heroldrebe did not grow vigorously, a positive yield response may have been expected for N 2. The fact that this was not the case accords with the belief that grapevines, grown under specific conditions, need a distinct minimum N supply and that once this requirement has been satisfied further application of N will not increase the yield (Löhnertz, 1991; Spayd et al., 1993 ). In the current experiment all four fertilisation treatments were probably capable of ensuring that this minimum level of N availability was met. As in the case of Bukettraube, the lowest Y:SM ratio (3.9) was found for N 2, while values ranged from 4.6 to 5.3 for the other treatments.
Bunch rot occurred in Bukettraube during 1984/85 and 1988/89 (Table 7) . Grapes from N2 showed the highest rate of infection, in comparison to N0, N3 and N4. This was due to denser canopies and to climatic conditions conducive to Botrytis cinerea infection. Comparable results for N applications at budbreak have been reported previously (Goldspink & Gordon, 1991) . Bunch rot was never observed in Heroldrebe.
The fact that a single post-harvest application of nitrogen (N 3) was as effective as the other fertilisation treatments on the trial soil, where leaching of inorganic N was expected during winter, was surprising. The winter cover crop (rye), sown at the same time as the post-harvest N application, could have contributed to this positive response. The active growth stage of the cover crop coincided with the period of heavy rainfall, possibly resulting in the cover crop absorbing mineral N not utilised by the grapevines. In this way inorganic N can be converted to the organic form to become available again through the process of mineralisation after the cover crop is killed with a herbicide. This is in agreement with results obtained in Switzerland (Perret, Koblet & Haab, 1989) . Under clean cultivation, where inorganic N is not protected against leaching during the winter months, post-harvest fertilisation may be less effective, especially on sandy soils. In such cases split-applications of N (budbreak, fruitset and post-harvest) may be preferable.
In comparison to the other fertilised treatments, PM tended to increase the yield of Heroldrebe from 1987 to 1989 (Van Huyssteen & Conradie, 1990) . Even though no significant effect could be detected for the entire investigation period (Table 7) , yield still tended to be highest for N 4, in spite of moderate shoot growth. Despite the K content of soils from N i , N2 and N3 being adequate at the end of the trial (Table 5) , maintenance applications of K were carried out every three years only, and leaf analysis suggested that temporary K deficiencies could not be excluded for the inorganic treatments (Conradie, 2001) . The possibility of a positive response to PM during specific seasons must therefore be ascribed to the K in the PM, and not to slow release of N. In this trial organic N held no specific advantages or disadvantages in comparison to inorganic N. It has been suggested that PM will release only 50% of its total N over the first year (Alberti & Raath, 1994) . A build-up of organic N is expected in the soil after multiple yearly applications. However, over the long term the amount of N applied as PM may have to be increased by 50% in order to supply the same amount of N as inorganic fertilisers (Kotze et al., 1992) . CONCLUSIONS In the current investigation a single post-harvest application of N, and split N applications (budbreak, fruitset and post-harvest) gave similar results and ensured balanced growth. However, these results were obtained in a vineyard where a winter cover crop was grown. Post-harvest fertilisation may be less effective under clean cultivation practices and unabsorbed N may be lost during winter through leaching. The cover crop management system also ensured that existing levels of soil organic material were maintained and possibly increased.
A single application of N at budbreak stimulated vegetative growth, but no concomitant increase in yield was found. Therefore, it is clear that excessive applications of N at budbreak should normally be avoided, even on low-potential soils, unless intensive canopy management practices are followed. However, in low-vigour vineyards fairly heavy applications of N at budbreak or soon after should be beneficial.
Application of poultry manure held no specific advantages or disadvantages, in comparison to inorganic N sources, but the K content of poultry manure may be an added benefit on sandy soils. Economic considerations should dictate the choice between organic and inorganic fertilisers.
Results were obtained for low-yielding cultivars on sandy soil with a relatively low potential. Most of the principles should also be applicable to high-yielding cultivars on fertile soil. However, in order to increase the efficiency of N applications, more intensive irrigation will be required under more and conditions.
